Gene transcription and long-term memory storage have been linked in experiments going back for more than 30 years, but the molecular mechanisms responsible for the regulation of gene expression during memory consolidation remain the subject of intense investigation. Much work has focused on the role of individual transcription factors, such as cAMP-response elementbinding protein (CREB) or nuclear factor of B (NF-B), in memory storage (Kaplan and Abel 2003; Yeh et al. 2004 ), but it is now clear that transcriptional regulation involves the concerted action of multiple transcription factors that interact with chromatin, a protein complex that packages DNA (Olins and Olins 2003) . Originally thought to be static and structural in purpose, chromatin is now known to be very dynamic, exerting precise control over gene expression (Felsenfeld and Groudine 2003) . In particular, the idea that chromatin remodeling may regulate gene expression for memory processes has gained considerable attention recently (Levenson and Sweatt 2005) . It is this very concept that Chwang et al. (2006) investigate in their studies of transcriptional regulation during memory storage, which are described in this issue of Learning & Memory. Chwang et al. (2006) reveal that a critical signaling pathway in the hippocampus for memory storage, the extracellular signal-regulated kinase (ERK)/ mitogen-activated protein kinase (MAPK) pathway, functions to modify chromatin during memory consolidation (Fig. 1) .
To understand how chromatin impacts gene expression, it is necessary to understand the nucleosome, which is the building block of chromatin. A nucleosome consists of a histone protein core (comprised of histones H2A, H2B, H3, and H4) and is the first level of packaging of genomic DNA. The amino-terminal "tails" of these histone proteins extend beyond the globular core and are sites for post-translational modifications, including acetylation, phosphorylation, methylation, ubiquitination, and sumoylation (Peterson and Laniel 2004) . These histone modifications orchestrate the recruitment of specific chromatin remodeling protein complexes to mediate cell-and promoter-specific gene expression. Further, there is a dynamic interplay between histone modifications and DNA modifications (such as DNA methylation), thus creating staggering combinatorial possibilities for gene regulation. Chromatin structure can be modified in three different but related ways: First, nucleosomes may be repositioned by ATP-dependent protein complexes; second, histone variants may replace core histones; and third, histone tails may be covalently modified (Felsenfeld and Groudine 2003) . Sitespecific covalent modifications of histone tails can yield distinct transcriptional states. For example, the combination of histone H4 Lys8 acetylation, histone H3 Lys14 acetylation, and histone H3 Ser10 phosphorylation is often associated with transcriptional activation (Fig. 1) . In contrast, tri-methylation of histone H3 Lys9 and the lack of histone H3 and H4 acetylation is associated with transcriptional repression (Peterson and Laniel 2004) . Recent studies have revealed that histone modifications are especially relevant to mechanisms of transcriptional regulation during memory consolidation (Levenson and Sweatt 2005) . Increasing histone acetylation at sites that correspond with transcriptional activation enhances memory and synaptic plasticity (Levenson et al. 2004) , and the transcriptional coactivator and histone acetyltransferase CREB-binding protein (CBP) is critical for long-term memory and synaptic plasticity (Oike et al. 1999; Bourtchouladze et al. 2003; Alarcon et al. 2004; Korzus et al. 2004; Wood et al. 2005) . Now, Chwang et al. (2006) implicate histone H3 Ser10 phosphorylation and histone H3 Lys14 acetylation, modifications that correlate with transcriptional activation, in transcriptional regulation during memory consolidation. As an initial approach, the investigators took advantage of the well-established roles of protein kinase A (PKA) and protein kinase C (PKC) in hippocampus-dependent long-term memory formation. By pharmacological activation of these kinases in tissue slices, they found that both PKA and PKC induced transient increases in histone H3 Ser10 phosphorylation and histone H3 Lys14 acetylation in area CA1 of the hippocampus. Activation of either PKA or PKC also stimulated phosphorylation of ERK, which has been shown to be involved in H3 phosphorylation in cell culture (Soloaga et al. 2003) . Furthermore, an inhibitor of MAPK/ERK kinase (MEK), the kinase primarily responsible for ERK phosphorylation, inhibited both phosphorylation and acetylation of histone H3. To examine the effect of these histone modifications on memory storage, the investigators turned to contextual fear conditioning (Fig. 1) . The investigators observed a transient increase in both histone H3 Ser10 phosphorylation and histone H3 Lys14 acetylation that was paralleled by an increase in ERK phosphorylation. The peak level of these modifications was observed at 1 h postconditioning, when each modification was >50% above its baseline level. In support of the hypothesis that these changes are associated with memory consolidation, both ERK phosphorylation and H3 modification were blocked by impairment of memory formation with repeated pre-exposure to the context in a latent inhibition paradigm or blockade of N-methyl-D-aspartate (NMDA) receptors. Finally, the investigators showed that the process that leads to modification of histone H3 requires MEK activity, suggesting a central role for MEK/ERK signaling in H3 modifications. Together, these experiments suggest that changes in histone H3 phosphorylation and acetylation in area CA1 of the hippocampus are regulated by ERK/MAPK during memory consolidation (Fig. 1) . Currently, almost a dozen kinases are implicated in phosphorylating histone H3 at Ser 10 in either a stimulation-dependent manner or a mitosis-dependent manner (Bode and Dong 2005) . During transcription, histone H3 phosphorylation is thought to neutralize the positive charge on histone tails by introducing a negatively charged phosphate group, thus relaxing chromatin and facilitating transcription (Grant 2001 ). H3 phosphorylation may also be involved in recruiting histone acetyltransferase complexes and ATP-dependent chromatin remodeling complexes to facilitate transcription (Lo et al. 2000) . Interestingly, histone H3 phosphorylation and acetylation are proposed to be partly interdependent, which is the focus of much current investigation.
An intriguing hypothesis presented by Chwang et al. (2006) is that there exists a "histone code" that regulates specific gene expression profiles for distinct memory formation processes. The histone code is a theory popularized by C. David Allis and colleagues who proposed that distinct histone modification patterns, on one or more tails, can form recruitment sites for specific chromatin remodeling complexes to drive gene expression profiles required for particular cellular events (Turner 1993; Strahl and Allis 2000) . Thus, the histone code extends the information potential of genomic DNA by providing an epigenetic system to regulate imprinted gene expression, cell fate, development, and now, as proposed by Chwang et al. (2006) , memory formation. Indeed, the histone code and epigenetic marking of chromatin are thought to underlie stable and inherited patterns of gene expression during cellular differentiation, a process termed cellular memory (Turner 2002) . Analysis using molecular biology and bioinformatics techniques will be necessary to demonstrate that specific combinations of histone modifications recruit distinct chromatin remodeling protein complexes for gene expression required for unique events.
In the meantime, Chwang et al. (2006) have set the stage by presenting compelling data showing that histone H3 is phosphorylated following contextual fear conditioning. Levenson et al. (2004) previously showed that histone H3 is acetylated following contextual fear conditioning whereas histone H4 is acetylated following a latent inhibition protocol for contextual fear conditioning. Although this dissociation between histone H3 and H4 acetylation may be a type of histone code for memory formation, these results are also consistent with the net charge model recently revisited by Dion et al. (2005) . The net charge model posits that histone modifications form a simple code based on the cumulative charge of histone proteins, rather than the combinatorial complexity that could be generated by histone modification patterns, to drive different transcription profiles Figure 1 . Memory formation in the hippocampus involves histone modifications. (A) Contextual fear conditioning is a behavioral paradigm used to study the neurobiology of memory and involves the activity of a complex neural circuit with many reciprocal connections. In this task, the animal is placed into a novel context and after a brief delay is given a series of footshocks. When later returned to the training context, mice display a stereotyped and species-specific anticipatory response that includes a motionless, defensive posture known as freezing, which is quantified as a measure of context-shock association. The hippocampal formation, a brain region important for encoding contextual fear conditioning (Sanders et al. 2003) , receives input from both thalamus and cortex. Hippocampal output feeds back into the cortex as well as into the lateral and basolateral nuclei of the amygdala (Maren and Quirk 2004) . Projections from the central nucleus of the amygdala transmit information via the periaqueductal gray and brainstem nuclei to spinal motor neurons that mediate freezing behavior. (B) The hippocampal formation is composed of multiple subregions, each of which is thought to play a distinct, yet integrative, role in hippocampal information processing. Within the CA1 subregion, changes in neuronal response properties involve activation of protein kinase A (PKA) and extracellular signal-regulated kinase (ERK). The data from Chwang et al. (2006) suggest that ERK indirectly mediates acetylation and phosphorylation of histone H3. Evidence also suggests that H3 Ser10 is a direct phosphorylation target of PKA (DeManno et al. 1999) . Histone acetylation and phosphorylation are thought to have two effects: (1) to neutralize the positively charged histone tails, which reduces their affinity for DNA and thus facilitates transcription, and (2) to establish specific recognition sites for the recruitment of chromatin remodeling proteins such as histone acetyltransferases and ATP-dependent nucleosome remodeling complexes, which are associated with transcriptional activation. (C) The combinatorial patterns potentially established by different histone modifications may mediate specific gene expression profiles responsible for modulating the neuronal responses that underlie the formation of memory in the hippocampus. Black arrows in panel C indicate histone H3 residues examined by Chwang et al. (2006) . Red octagons with "Me" represent methyl groups. Yellow stars with "P" represent phosphate groups. Green rectangles with "Ac" represent acetyl groups.
(for review, see Henikoff 2005) . Thus, histone H3 acetylation generates one state of net charge difference, whereas histone H4 acetylation generates a second and different state, each with an associated effect on transcription. In any case, the combinatorial nature of the histone code is an attractive mechanism for gene regulation during memory formation.
If histone modifications, cellular memory, and behavioral memory all represent aspects of memory formation, what mechanisms are responsible for storing the memory? Could histone modifications be a component of the memory? We know that altering histone modifications (Alarcon et al. 2004; Korzus et al. 2004; Levenson et al. 2004) or altering activity of the enzymes that modify histones, such as CBP (Oike et al. 1999; Bourtchouladze et al. 2003; Alarcon et al. 2004; Korzus et al. 2004; Wood et al. 2005 ; for review, see Josselyn 2005) , affects memory storage. But how can histone modifications affect memory? It may be that they are involved in a transient fashion to regulate gene expression for memory consolidation, as shown by Chwang et al. (2006) . In this case, histone modifications gate a burst of transcription for a specific set of plasticity effector and regulator genes that then change the response properties of individual neurons in a network. Histone modifications may also mediate persistent changes in the expression of key plasticity effector or regulator genes required for maintenance of changes in neuronal behavior. These two possibilities are not mutually exclusive. Transient histone modifications may act downstream of signaling cascades to integrate multiple signals and ensure that a cascade of gene expression is activated only after a particular stimulus pattern (either spatially or temporally) is generated (Schreiber and Bernstein 2002) . Furthermore, these histone modifications may act to integrate information about the activation and recruitment of several individual transcription factors. These histone modification patterns would alter the structure of chromatin as well as provide an interaction interface for transcriptional coactivators or corepressors that bind to modified histone tails to initiate transcription.
In addition, stable long-lasting histone modifications may maintain gene expression. For example, work by Taubenfeld et al. (2001) demonstrates that induction of the transcription factor CCAAT enhancer-binding protein (C/EBP) is observed in the hippocampus 9-20 h post-conditioning in an inhibitory avoidance task, suggesting that long-term memory involves a cascade of gene expression. Interestingly, C/EBP in Aplysia has been shown to be regulated by histone acetylation during synaptic plasticity (Guan et al. 2002) , suggesting that these expression cascades are regulated by histone modification. Histone modifications are well-suited to regulate time-dependent gene expression in such cascades. In the yeast Saccharomyces cerevisiae, where groundbreaking research has elucidated much of what we currently know about the enzymes and protein complexes involved in chromatin regulation, histone modifications have been shown to be retained after transcription has subsided, suggesting that longlasting modifications may provide a mark of recent transcription and possibly facilitate future gene expression (Turner 2003) . The characterization of additional histone modifications, such as lysine methylation, during memory formation will determine whether such long-lasting changes occur with long-term memory formation. Identification of effector genes involved in long-lasting forms of memory and understanding the relationship of histone modifications to the expression of these genes will be essential to studying the role of stable long-lasting histone modifications in memory storage.
Although much of our discussion here has focused on the modifications of chromatin following learning, it is striking that researchers are able to see such changes in the acetylation and phosphorylation of "bulk" histones in hippocampal CA1 extracts at all. Indeed, one might expect to have to look at the modifications of histones in particular regulatory regions of subsets of neurons to see specific changes. The fact that changes can be observed in many neuronal properties, including synaptic transmission (McKernan and Shinnick-Gallagher 1997), GluR1 insertion (Rumpel et al. 2005) , Arc expression (Guzowski et al. 1999 (Guzowski et al. , 2006 , and changes in the slow afterhyperpolarization (AHP) (Wu et al. 2004) , suggests that acquisition alters the properties of a large number of neurons. Together these studies suggest that 20%-40% of the neurons in a specific brain region may be activated by learning. The involvement of such a large percentage of hippocampal neurons during establishment of a memory suggests that initial representation may be distributed, rather than sparse. A sparse representation in which only a few neurons represent stored information maximizes the total number of possible engrams stored in the network, whereas a distributed network in which many neurons represent information sacrifices storage capacity for increased complexity and robustness (Rolls and Treves 1998) . Because biochemical measures of neuronal activation, such as histone modification, integrate activity over a large window of time relative to individual neuronal activity, it is possible that the apparent network identified by these measures is a conjunction of many truly sparse networks. The final representation involved in the association may involve only a few of these individual networks, instead of the sum of networks activated during acquisition. Perhaps an important part of consolidation is the post-acquisition focusing of the network on certain gene targets in a subset of neurons.
It is becoming increasingly clear that histone modifications and chromatin remodeling are critical for gene expression during memory formation. The role of promoter-specific histone modifications has also become central to other areas of neuroscience, including research in epilepsy (Huang et al. 2002; Tsankova et al. 2004) , drug addiction (Kumar et al. 2005; Levine et al. 2005) , depression (Tsankova et al. 2006) , and neurodegenerative diseases (Steffan et al. 2001) . In addition to histone modifications, chromatin structure can be modified by ATP-dependent chromatin remodeling complexes, as well as the incorporation of histone variants into actively transcribed areas. Investigating each of these areas promises to enrich our understanding of the role of chromatin regulation in gene expression required for memory processes and perhaps enable the development of novel drugs to treat memory deficits that accompany many neurological and psychiatric disorders. By identifying H3 phosphorylation as a histone modification involved in memory storage, Chwang et al. (2006) have brought the field one step closer to understanding the complex interplay between chromatin and memory.
